1. Five volunteers were studied before and after oral administration of NH4Cl (0.3 g/kg body wt.) given in order to create a moderate acidosis.
Introduction
During heavy exercise anaerobic glycolysis results in lactic acid formation and a progressive fall in intracellular pH. However, only a small fraction of the acid produced appears as free protons in the cytosol because of the well-developed intracellular buffers [l] . A decreased buffer capacity of the muscle cells will thus be of importance for the pH effect of exercise. The fall in intracellular pH is paralleled with impaired force production which is suggested to be due to inhibition of enzymes or t o direct effects on the contractile mechanism The present investigation was undertaken in order t o clarify whether an experimental moderate acidosis of the human body would affect intracellular pH, buffer capacity and force during a standardized work.
[2-41.
Methods
The present study been approved by is part of a project which has the Ethical Committee of the Karolinska Institite. Five healthy volunteers took part in the study, two men (25 and 26 years of age, weighing 70 and 68 kg, respectively) and three women (21, 35 and 38 years; 59, 63 and 62 kg, respectively). None of the subjects was particularly well trained, but most of them regularly took part in some form of organized physical activity. The nature and purpose of the study was explained to the subjects before their voluntary constent was obtained.
Percutaneous electrical stimulation of the anterior thigh muscles was used in order t o standard-ize the force and work time. Detailed descriptions of the technique have been given elsewhere . Aluminium foil electrodes were applied proximally and distally on the anterior aspect of the thigh. Square-wave pulses with a duration of 0.5 ms and a frequency of 20 Hz were elicited from a Medelec 15/v stimulator. This normally produces a tetanic force about 70% of maximum of the muscle segment stimulated [6] . The subjects were lying on a bed with the legs flexed at a right angle at the end of the bed. The ankle of the leg under investigation was attached to a strap connected to a strain gauge (Bofors). The strain gauge was connected to a D.C. amplifier (Medelec M) equipped with an oscilloscope and moving u.v.-sensitive recording paper.
The experimental sessions were divided into two parts. Blood samples were first obtained from a cubital vein and analysed for pH, Pcoz, HCO;, K' and C1-. The quadriceps muscle of one leg of the volunteers was stimulated for 75 s with a voltage adjusted to give 50% of the maximum voluntary force initially during the contraction. In order to create an anaerobic situation a tourniquet applied to the proximal part of the thigh had been inflated above arterial blood pressure 30 s before contraction and released again at the end of contraction. Muscle biopsies were taken from the active part of m. vastus lateralis with the needle described by Bergstrom [8] immediately before and after contraction and after 10 min in the recovery period.
The subjects were then given NH4Cl orally over a time period of 3 h to a total dose of 0.3 g/kg body wt. The same experimental protocol was then repeated using the other leg of the volunteers for stimulation and biopsies. In three of the five subjects the dominant leg was used in the first of the two experimental situations.
The biopsy samples were frozen immediately by plunging the biopsy needle into freon maintained at its melting point by liquid nitrogen. The samples were then divided under liquid nitrogen in two parts, one being used for pH determination and the other for metabolite analyses.
The frozen pieces obtained for pH determination were homogenized in a medium containing 145 mmol/l KCl, 10 mmol/l NaCl and 5 rnmol/l iodoacetic acid, The pH of the homogenate was then measured electrometrically [9] .
Muscle pieces intended for metabolite analyses were freeze-dried, powdered, dissected free of visible connective tissue and extracted by perchloric acid. The neutralized extract was then analysed by enzymatic method for ATP, phosphocreatine (PCr), creatine, lactate and glucose 6-phosphate (glucose 6 8 ) , as described by Harris et al. [lo] .
The metabolite contents have been expressed on a dry weight basis and with the exception of lactate normalized to the highest total creatine value (PCr + creatine) for each volunteer in order to compensate for connective tissue and other non-muscular material comprising minor parts of the muscle pieces.
Results
The acidification with NH4Cl produced a fall of extracellular pH to a mean value of 7.25 ? 0.02 with a corresponding decrease in extracellular HCO; (Table 1) .
Muscle pH at rest after NH4C1 treatment was 6.98 0.06 but did not differ significantly from the muscle pH value of 7.04 k 0.03 in the normal situation. However, after 75 s contraction all subjects showed a greater decrease of intracellular pH after acidification compared with the normal situation. The pH before acidification was 6.70 _+ 0.17 and after NH4CI 6.54 t 0.14. The difference was highly significant (P < 0.001, paired t-test) (Fig. 1) .
The intracellular buffer capacity was calculated before and after acidification and expressed in slykes (sl) [ l l ] . The lactate content in muscle water was estimated from the determined value in dry muscle assuming normal water content (3.3 litres/kg of dry muscle). The addition of protons was assumed to equal the lactate increase. The sl value was determined as amount of protons added (mmol/litre of muscle water) divided by actual of the initial (Fig. 2) . The relation between force and pH at end of contraction is shown in Fig. 3 .
The lactate accumulation during contraction varied between individuals and also between the exercising legs in the same individual but no systematic difference was seen attributable to NH&l administration ( Table 2) . The relationship between PCr utilization and lactate accumulation and between glucose 6-P and lactate accumulations were also the same before and after acidification (Fig. 4 and Fig. 5 ).
The rate of lactate elimination from the muscle after contraction showed a strong correlation with the amount of lactate accumulated in both the normal situation and after acidification (Fig. 6 ).
There was no sign that extra-or intra-cellular pH affected the rate of lactate disappearance, which seemed to be solely governed by the actual intracellular concentration of lactate.
Discussion
It was shown by Sutton et al. [12] that ingestion of NH4Cl decreased the work capacity in dynamic exercise at high work load. This was assumed to be However, no measurement of intracellular pH was performed. We repeated the study with the same dose of NH4Cl given perorally and determined the force during continued electrical stimulation of the quadriceps femoris muscle and measured pH before and after exercise. The study was done twice with and without NH&I ingestion.
After acidification of the body producing an extracellular pH shift of 0.15 unit there was only a small and non-significant change in muscle pH. The tendency of muscle pH t o decrease is partly due to the decreased pH in the extracellular space, amounting t o about 13% of the total muscle water. The intracellular buffers apparently sustained the amount of added protons. This is in accordance with earlier investigations where both metabolic and respiratory experimental acidification produced little or no decrease in intracellular pH [13] [14] [15] . However, during contraction after acidification the muscle pH decreased t o lower values when NH4CI was given (see Table 2 ). This was apparently due t o an uptake of H + ions by the muscle from the extracellular space decreasing the buffer capacity. Calculation of the buffer capacity gave mean values of 68.6 sl before acidification. The value is of the same magnitude as that given by others [16-181. After NH4Cl the buffer capacity decreased to 54.5 sl, or by 14.1 sl/litre of muscle water. This corresponds to an uptake of about 250 mmol of H' ions in total in the whole muscle space (--18litres) or 70% of the NH4Cl dose given (340 mmol).
It is reasonable to assume that the large decrease in muscle pH during contraction is due predominantly to intracellular changes as the H + production is confined t o the intracellular space, and muscle is functioning as a closed compartment during the stimulation and the extracellular fluid volume is only a small fraction of the total muscle water. The decrease in force was well correlated with the decrease in muscle pH (Fig. 3) ; however, this does not prove that this is the only variable responsible for the decrease. A low frequency fatigue during this type of anoxic isometric contraction is described by Edwards et al. [19] : a decrease in force production that also persists in the recovery phase when the pH has been normalized. A decrease in PCr content along with isometric contraction has been observed previously during electrical stimulation of human muscle [20] . This change in available energy stores has been suggested by Spande & Schottelius [21] t o be important for the force production.
In this series, however, the only difference in the two experimental series is the pH of the muscle, which gives a difference in force. It seems reasonable that a direct pH effect on the contractile machinery of the muscle could be responsible. It has thus been shown that the CaZ+ affinity for troponin is reduced when pH decreases [3, 41 . Also an effect on cross-bridge cycling due to inhibition of ATP hydrolysis by accumulation of reaction products (i.e. ADP, Pi and H+) could be partly responsible.
In the study by Sutton et al.
[ 121 the effect on buffer capacity of the NH&1 treatment is probably the same as in our study. The exercise capacity during dynamic exercise is, however, not strictly comparable with direct measurement of force during electrical stimulation. In dynamic exercise extramuscular effects of a decrease in pH must also be taken into account. Local changes in muscle pH will, however, in dynamic exercise also decrease firstly power output and secondly the utilization of substrates.
There was a relatively large variation in the absolute contents of lactate after electrical stimulation both in the normal situation and after acidification. No sign of inhibition of glycolysis could, however, be seen after acidification. The unchanged relationships between metabolites in the muscle samples irrespective of the absolute concentrations provide evidence for this interpretation. Thus, the utilization of PCr relative to glycolysis was the same after acidification as were the inter-relations of glycolytic intermediates, evidenced by the glucose 6-Pllactate relationship (Fig. 4 and Fig. 5) .
Elimination of lactate is a complex process consisting of transport through the cell membrane, oxidation in the tricarboxylic acid cycle and possible resynthesis of glycogen [22] . It is, however, quite clear from the present investigation that the rate of elimination is closely associated with the intracellular concentration of lactate. This favours the concept that lactate is transported independently of the corresponding proton [23] since the rate of lactate disappearance seemed t o be unaffected by shifts in intra-and extracellular pH. Moderate extracellular acidification did not appreciably affect intracellular pH at rest but during exercise the effect became conspicuous as a decrease of intracellular buffer capacity causing a lower intracellular pH and a reduction of the force production. In a realistic work situation this may mean that a progressive decrease in extracellular pH not only would impede force production in already active muscles but also in muscles not yet brought into play.
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